The geographical distribution of the anthropogenic radionuclides 238 Pu and 239+240 Pu in the Tropical East Pacific in 2003 was studied from the viewpoint of material migration. We measured the contents of Pu isotopes in seawater and in sediment from the sea bottom. The distributions of Pu isotopes, together with those of coexisting nitrate and phosphate species and dissolved oxygen, are discussed in relation to the potential temperature and potential density (sigma-θ). The Pu contents in sediment samples were compared with those in the seawater. Horizontal migration across the Equator from north to south was investigated at depths down to ~800 m in the eastern Pacific. The
Analysis of sea water
Unfiltered seawater samples (~250 L) were acidified with HCl to a pH of less than 1.5 and spiked with 242 Pu tracer and Fe 3+ carrier. The solution was left to stand for more than 24 h to ensure chemical equilibration, then neutralized with aqueous ammonia to coprecipitate Pu with Fe(OH) 3 .
The precipitate was separated from the solution and brought back to Japan for subsequent chemical analysis.
The Pu isotopes were analyzed by a procedure similar to that described by Kinoshita et al. (2007) . Most of iron atoms were removed from the solution by solvent extraction with diisopropyl ether, and the remaining iron and Pu atoms were precipitated with aqueous ammonia. The precipitate was dissolved in 8 M HNO 3 , and reduced with NaNO 2 to ensure that all the Pu was in the Pu(IV) oxidation state. The solution was then passed through an anion-exchange column of Dowex 1X8, (100-200 mesh), and Th ions were eluted with 8 M HCl. Pu ions were subsequently eluted with 8 M HCl-0.1 M HI solution. This column separation was repeated to purify the resulting Pu solution. The Pu solution was then evaporated to dryness and the residue was dissolved in aqueous ammonium sulfate. The resulting solution was used to prepare an electrodeposited sample on a stainless-steel disk for assay by alpha spectrometry. The typical chemical efficiency of 8 Fig. 4 . The standard uncertainty of the background count was used to estimate the detection limit.
The activities of 238 Pu were too low to permit discussion of its vertical profile. Maxima in the 239+240 Pu activity were observed at around 500 m for HY-11, 800 m for HY-17 and HY-18, and 600 m for the other stations.
Discussion

Distribution of 239+240 Pu activity and the
238
Pu/ 239+240 Pu activity ratio in sea water Figure 5 shows contour displays of the horizontal distribution of 239+240 Pu along the sailing course, as constructed by interpolation of the measured Pu concentrations. Table 4 lists the inventories of 238 Pu and 239+240 Pu, derived by summing the activities at each station. According to UNSCEAR (2000) , the total activities of fission products of Pu deposited in the Northern
Hemisphere are reported to be 3-4 times greater than the corresponding values in the Southern
Hemisphere. The inventories of 239+240 Pu at HY-1 to HY-3 were also 3-4 times higher than were those at HY-12 to HY-18, but almost same as those at HY-6 and HY-9. These anomalies at HY-6 to HY-11 are discussed below. The measured ratio of the Pu inventory in the Northern Hemisphere to that in the Southern Hemisphere corresponds with the previously reported ratio, except in the cases of stations HY-6 to HY-11. Sano et al. (1995) discovered an extensive plume of water enriched in 3 He at a depth of about 2000 m in the South Pacific. This 3 He plume could be observed at distances of up to 5000 km west of the East Pacific Rise. In other words, a deep current flowing toward the west may be present in the South Central Pacific. We believe that horizontal migration of Pu at a depth of ~2000 m could be affected by this current. In addition, a pathway involving the North Pacific Tropical Water (NPTW) and North Pacific Intermediate Water (NPIW) has been discussed by Amakawa et al. (2009) and by You (2003) . It has been reported that the NPTW and NPIW flow clockwise in the North Pacific, so that a current is expected to flow from east to west in the region of HY-1 and HY-2.
However, horizontal migration was not clearly demonstrated in our observations on Pu isotopes (Fig. 5 ).
On the assumption that the sinking behavior of Pu isotopes would result in a depth profile, the percentage of the 239+240 Pu inventory at each depth should reflect the rate of sinking. The results in Table 4 show that 30% of Pu was found in the layer between 0 and 1000 m at HY-9 and HY-11, whereas 40-50% of Pu was present at 0-1000 m at the other stations. Furthermore, the inventories in the regions HY-1 to HY-3 and HY-11 to HY-18, which are close to one another in latitude, were also comparable. On the other hand, the inventory of 238 Pu and its ratio to 239+240 Pu tended to be larger in the west than in the east, except in the case of HY-9, HY-11, and HY-12; this is probably due to inflow from the Indian Ocean of 238 Pu from SNAP-9a.
The
239+240
Pu inventory in each 1000 m of water column is plotted against the corresponding latitude in Fig. 7 . For comparison, the inventories from the surface to the bottom in the region between 170° E and 170° W (Bowen et al., 1980) and the inventories from the surface to 2000 m in the region between 140° W and 160° W (Nakano and Povinec, 2003) are also shown in the same figure. The inventories measured by Nakano and Povinec (2003) in the South Pacific region were around twice those that we found at stations HY-11 to HY-18 in the South East Pacific.
If we compare the present results with the 239+240 Pu inventories measured by Bowen et al. (1980) and the inventory from the surface to 2500 m in the Arabian Sea, reported by Mulsow et al. (2003) , the inventories at the HY stations were closer to those in the Arabian Sea.
The upper layer of the oceanic current moves in a symmetrical manner about the Equator.
However, the movement of water no longer follows the surface oceanic current at the depth at which the Pu concentration is maximal. In the Central Pacific, the Pu inventory along a line of longitude showed a distribution that was symmetrical about the Equator. The distribution in the Central Pacific was not reproduced in the inventories for 0-1000 m or 1000-2000 m for the East Pacific. The inventory at HY-6 was typical for the North Pacific, and the inventories at stations HY-9 and HY-11 were higher than were those at stations HY-12 to HY-18. This phenomenon cannot be explained without the presence of a horizontal migration from a Pu-rich region. The Equatorial Under Current is the only current that carries water from west to east at a depth of 100-200 m. and 42-47 M for nitrate at depths of 700-1000 m were observed at HY-6, HY-9, and HY-11, and maxima for phosphate of around 3 M at HY-12, 2.5 M at HY-15A, and 43 M at HY-12, 38 M at HY-15A, and 37 M at HY-17 and HY-18 were observed in the present work. Increased concentrations of nutrients were observed in the region west of 100° E on the WOCE P21 line (17° S), but not on the WOCE P06 line (32.5° S). In addition, trends similar to those for phosphate and nitrate were observed in the DO distribution. On the other hand, a minimum salinity of 35.5 near 800 m has been observed in both hemispheres in the region between 15° N and 15° S of the entire Pacific (Tomczak and Godfrey, 2005) . The difference in salinity near the Equator is not sufficiently significant to permit information on horizontal migration to be inferred from the salinity distribution. The features of the distributions of Pu, DO, and nutrient seen in the region of HY-1, HY-2, and HY-3 are also observed in the region of HY-6, HY-9, and HY-11. These nutrient levels and DO support the theory that Pu migrates from the Northern
Hemisphere to the South Hemisphere across the Equator in the East Tropical Pacific. Horizontal migration across the Equator might explain the high Pu inventories at stations HY-6, HY-9, and HY-11.
Comparison of Pu concentrations in seawater with results of previous work
There are several earlier sets of data pertaining to locations HY-2 and HY-18 that can be examined in conjunction with the results of the present study. Residence times of Pu in surface water have been reported to be 5 yr at HY-2 and 9 yr at HY-18 (Hirose and Aoyama, 2003) . The maximum subsurface activity of 239+240 Pu at the HY-2 station was observed at 600 m. In 1973, the corresponding maximum at the same location was observed at 500 m (Nakano and Povinec, 2003) .
Therefore, the Pu maximum had shifted downward by 100 m during 30 yr, and the average velocity of the shift was calculated to be 3.3 m/yr, assuming a constant velocity. At station HY-18, the subsurface Pu maximum was observed at a depth of 700 m in 1996, whereas it was observed at 800 m in 2003. The depth of the maximum Pu level had therefore shifted downward by 100 m in 7 yr, and the sinking velocity was therefore estimated to be 14 m/yr. Furthermore, the subsurface maximum in the activity of 239+240 Pu near Bikini Atoll in the Central Pacific was observed at 850 m in 1997 and at 450 m in 1973. The sinking velocity of the subsurface maximum in Pu was therefore estimated to be approximately 17 m/yr. The velocity at station HY-2 is therefore markedly slower than that near Bikini Atoll. In addition, it has been reported that the maximum in Pu activity has been moving to a deeper layer at an almost constant velocity (Livingston et al., 2001 ).
Comparisons with dissolved oxygen, potential temperature, and potential density
Pu atoms can adopt one of four possible oxidation states: III, IV, V, or VI. It is possible that DO could control the oxidation state of Pu. Tri-and tetravalent Pu occur as Pu 3+ and Pu 4+ ions, respectively, whereas penta-and hexavalent Pu occur as PuO 2 + and PuO 2 2+ , respectively, in aqueous solution. The residence time of tri-and tetravalent Pu in seawater is considered to be ~30 yr, assuming that these show the same behavior as the corresponding thorium species. On the other hand, the residence time of penta-and hexavalent Pu is of the order of 5 × 10 5 yr, based on the behavior of uranium in the form of the UO 2 2 -ion in seawater. As can be seen in Table 2 , there was a high DO content in the surface waters, an oxygen-deficient layer at 250-1000 m, and an increase in DO near the ocean bottom at stations HY-1 to HY-11. On the other hand, a DO-rich layer caused by AAIW was observed at a depth of ~700 m at stations HY-12 to HY-18. As described in Section 4, subsurface Pu maxima were observed at 500 m for HY-11, 800 m for HY-17 and HY-18, and 600 m for the other stations. The Pu was therefore enriched in the DO-deficient layer at HY-1 to HY-11, whereas it was enriched in the DO-rich layer at HY-12 to HY-18. No clear correlation between the sinking behavior of Pu and DO was therefore observed.
The temperature of seawater is a useful tool in studying vertical diffusion in surface waters.
Contour displays of the potential temperature from the surface to a depth of 500 m are shown in at all HY stations, although the boundary of the water mass structure does not coincide with depth of the 239+240 Pu maximum. The distribution of sigma- is markedly dependent on the water mass structure, because each water mass has its own salinity and temperature. It has been reported that more than 99% of Pu at a depth of 250 m is in a non-particle-reactive state (Dai et al., 2001 ). Pu at depths below 250 m is also considered to be in the same form as that at 250 m. Vertical migration of non-particle-reactive elements such as Pu at depths of 600-800 m is correlated with the density of the seawater.
Pu activity in sediment
As can be seen in Fig. 4 , the vertical profiles of the sediment cores show patterns that differed from one another. For the cores taken at HY-3, a subsurface
239+240
Pu maximum was observed, whereas a marked increase at depths below 7 cm was observed in HY-6. A distribution similar to that which we found has been observed in the Japan Sea (Zheng and Yamada, 2005) .
These profiles are, primarily, the result of mixing of sediment particles by bioturbation, a process also described as biodiffusional particle mixing (Cochran, 1985) , whereas no similar 239+240 Pu maximum was found at HY-1, HY-2, or HY-9. Figure 10 shows the 239+240 Pu inventories in sediment in relation to the latitude, together with reported data for the open Pacific (Nagaya and Nakamura, 1987; Hong et al., 1999; Pettersson et al., 1999; Livingston et al., 2001; Moon et al., 2003; Lee et al., 2003; Lee et al., 2005; Zheng and Yamada, 2006; Dong et al., 2010) . It is well known that the deposition of anthropogenic radionuclides from all fallout is correlated with the latitude; in other words, maximal deposition is observed in the mid-latitude belt, and minimal deposition is observed in the polar and equatorial regions (Hardy et al., 1973; Baskaran et al., 1996) . The peak in N are due to intense biological activity and high scavenging east of the Kamchatka Peninsula. The figure therefore clearly shows the effects of nuclear bomb test sites and biological activity.
The activity of 238 Pu was also detected in the sediment. As shown in Table 4 , 238 Pu/ 239+240 Pu inventory ratios in the sediment were calculated to be 0.035 ± 0.013 for HY-1, 0.032 ± 0.012 for HY-2, 0.026 ± 0.006 for HY-3, 0.041 ± 0.007 for HY-6, and 0.021 ± 0.010 for HY-9, whereas the inventory ratios in the seawater column of 0-1000 m were 0.033 ± 0.005 for HY-1, 0.012 ± 0.001 for HY-2, 0.039 ± 0.003 for HY-6, and 0.050 ± 0.003 for HY-9. The 238 Pu/ 239+240 Pu activity ratios in the sediment column correspond closely to those in the seawater column, within the margin of error. This shows that the Pu in the seawater and that in the sediment have the same origin.
The ratios of the 239+240 Pu inventory in the water column to those in the sediment column were calculated to be 12.0 for HY-1, 15.0 for HY-2, 5.5 for HY-3, 3.9 for HY-6, and 13.4 for HY-9.
The ratios in 1997 in the Western Pacific, between Japan and Bikini Atoll, have been reported to lie in the range 0.9-3.4 (Moon et al., 2003; Povinec et al., 2003) . Furthermore, the corresponding ratios for 238 Pu are 11.3 for HY-1, 5.6 for HY-2, 3.7 for HY-6, and 32.2 for HY-9. The trend for the water-column/sediment-column ratios at HY-3 and HY-6 to be lower than those at the other stations, is common between
Pu and 238 Pu. The percentages of the inventories of 238 Pu and 239+240 Pu below 1000 m at stations HY-3, HY-6, and HY-9, as shown in Table 4 , are also higher than those at the other stations. In addition, the 239+240 Pu concentrations below 1000 m in the regions of HY-3, HY-6, and HY-9 are higher than those at other stations, as seen in Fig. 5 . The values for stations HY-3, HY-6, and HY-9 were close to those of the continent, in contrast to the other stations; it is therefore presumed that substances originating from the continent affect these results. Consequently, the seawater and sediment data indicate that scavenging in the East Pacific is more active than that elsewhere.
Conclusion
Depth profiles of 238 Pu and 239+240 Pu in seawater and sea sediment samples taken from the Tropical East Pacific in 2003 were measured. By comparing the results with nutrient data, horizontal migration from the north to the south across the Equator is invoked to explain the high Pu inventories at stations HY-6, HY-9, and HY-11. Furthermore, 239+240 Pu activity was also compared with profiles of DO, potential temperature, and sigma-θ. Although it has been proposed that the sinking behavior of Pu could be affected by changes in its valence state under different redox condition as a result of the presence of DO, no notable difference due to DO was observed.
On the other hand, the distribution of Pu at depths of 0-400 m correlated with that of the potential 16 temperature, and the layer of subsurface Pu maximum was observed at a depth where sigma-θ ≈ 27.0. Various profiles of Pu were observed in samples of sea sediment. A comparison of the inventory ratios of the water column to that in the sediment column and the inventory in each 1000 m of seawater showed that scavenging of Pu at HY-3, HY-6, and HY-9 is more active than that at other stations. The locations of sampling stations HY-1 to HY 18 where Pu isotopes were measured. Fig. 2 Potential temperature vs. salinity (θ-S) diagrams for each HY station. Vertical profiles of 239+240 Pu concentration plotted against the potential density (sigma-θ). Location of the stations, the water depths, and the sampling dates. Table 2 Depth profile data of the potential temperature (P. Temp), salinity, potential density (σ θ ), dissolved oxygen (DO), and radioactivities of 238 Pu and 239+240 Pu in seawater. Because 238 Pu tracer was used in some of the samples from HY-3 to check the yield of the chemical protocol, 238 Pu was not determined in some of HY-3 samples. N.D. = -Not Detected‖ (below the detection limit). Table 3 Depth profiles of radioactivity of 238 Pu and 239+240 Pu in sea sediment samples. Table 4 Inventory, percentage of 239+240 Pu, and 238 Pu/ 239+240 Pu activity ratio at each depth in the water column and in sediment. Table 3 Depth ( 
